The syntheses of oxidorhenium(V) complexes 2 ] (3a-c), equipped with the bidentate, mono-anionic phenol-dimethyloxazoline ligands HL1a-c are described. Ligands HL1b-c contain functional groups on the phenol ring, compared to parent ligand 2-(4,4-dimethyl-4,5-dihydro-1,3-oxazol-2-yl)-phenol H1a; namely a methoxy group ortho to the hydroxyl position (2-(4,4-dimethyl-4,5-dihydro-1,3-oxazol-2-yl)-6-methoxyphenol, H1b), or a nitro group para to the hydroxyl position (2-(4,4-dimethyl-
Introduction
The interest in the chemistry of high oxidation state rhenium oxides was certainly triggered by the two seminal publication on methyltrioxorhenium(VII) (MTO) by Herrmann in 1991. 1 After finding an elegant synthesis of MTO, the group of Herrmann and others demonstrated the impressive catalytic activities in oxidation catalysis by MTO, including catalytic epoxidation of a wide variety of olefins.
2, [3] [4] [5] To this day, MTO remains the most active rhenium-based epoxidation catalyst, reaching turnover numbers (TONs) of >20 000. 3, 6, 7 However, MTO suffered from epoxide hydrolysis, when acid-sensitive epoxides are formed. 8 This observed drawback, as well as decomposition reactions of MTO, prompted the investigation of oxidorhenium(V) complexes as potential epoxidation catalysts. The first two examples of such rhenium(V) complexes again came from the group of Herrmann, using tetra-and bidentate Schiff-base ligands. 9, 10 Over the last few years the chemistry of oxidorhenium(V) complexes and their application in homogeneous catalytic epoxidation of cyclooctene further developed. 6, [11] [12] [13] [14] [15] [16] [17] [18] Compared to the impressive activities of MTO however, oxidorhenium(V) complexes had been inferior epoxidation catalysts, with the published complexes until 2014 only reaching turnovers of TON < 75. 17 Our initial research efforts concentrated on phenol-pyrazole (HpyzR) ligands, equipped with various substituents R (R = H, Me, OMe, Br, NO 2 ) on the phenol moiety (Fig. 1 ).
ditions. 14 Whereas MTO and related oxidorhenium(VII) complexes were shown to form side-on coordinated mono-peroxo and bis-peroxo complexes as the active catalyst, 4, 5, 18, 19 no such structures have been observed or isolated for oxidorhenium(V) complexes like 3a-c. A peroxide activation mechanism via deprotonation of the incoming peroxide similar to dioxidomolybdenum(VI) complexes 20 seems less likely for oxidorhenium (V) complexes. Here, the oxido ligand is much less nucleophilic due to strong π-bonding.
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A second type of catalytic reaction effected by an oxidorhenium(V) complex was first described in 2000. The group of Abu-Omar reported the capability of complex [ReOCl(oz) 2 ] (4), equipped with the phenol-oxazoline ligand Hoz (Fig. 1) , to catalytically reduce perchlorate anions to chloride. [22] [23] [24] We also became interested in this remarkable chemistry of the Hoz ligand, and began to investigate the oxazoline-dimethyl version of the Hoz ligand, the Hdmoz ligand (HL1a, Fig. 1 ), in perchlorate reduction chemistry. 12 Based on the ground laying work of the Abu-Omar group, a dissociative oxygen atom transfer (OAT) mechanism of redox-catalysis was postulated, with the Re atom cycling between Re(V) and Re(VII) (Scheme 1). [22] [23] [24] [25] In perchlorate reduction catalysis, we could show that isomers play an important role for catalyst activity. 11, 12 For an octahedral complex with two ON-bidentate and two monodentate ligands like 3a-c, six stereoisomers could form in principle (Scheme 2). Isomers A and B have a trans arrangement of the oxido and X ligand, with the bidentate ON-ligand in the equatorial plane. Both isomers contain an element of symmetry (σ or C 2 ) and are therefore also referred to as "symmetric isomers". Depending on the relative position of the nitrogen donor atom, isomer A is referred to as an N,N-cis isomer, B as an N,N-trans isomer. In isomers C to F, ligands O and X adopt a mutual cis orientation to each other, resulting in total loss of symmetry. Most of the isolated oxidorhenium(V) complexes belong to asymmetric isomers C and D. 17 Again C constitutes an N,N-cis and D an N,N-trans isomer. Isomers E and F have not been observed yet in rhenium chemistry. This might be due to the strong trans influence of the oxido ligand, making the coordination of the neutral nitrogen donor in this position unlikely. For parent complex [ReOCl(oz) 2 ] 4, both the N,N-cis (C, cis-4) and N,N-trans (D, trans-4) isomer are formed in the synthesis (Scheme 4). It could be shown that trans-4 is more active in perchlorate reduction compared to cis-4.
12 The initial step of the catalytic cycle is loss of the chlorido ligand, creating a vacant site on the rhenium atom. In cis-4, the neutral nitrogen atom of the oxazoline moiety is trans to the chlorido ligand, exerting a weaker trans-influence compared to trans-4, where the phenolate oxygen atom is trans to the chlorido ligand (Scheme 2). This situation elongates the Re-Cl bond in trans-4 (2.4093(10) Å), compared to cis-4 (2.383(3) Å). 12 Hence the loss of chlorido ligand requires less energy for trans-4. The same is true for the subsequent steps in the catalytic cycle. Those are OAT from the substrate to the rhenium atom and subsequent OAT from rhenium to the sulfide acceptor. For all these steps, the energy barriers are higher for cis-4 compared to trans-4.
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In the synthesis of complexes 3a-c, special attention was paid on the potential formation of N,N-cis or N,N-trans isomers (Scheme 4), because of their significant influence on catalytic activity. 12, 22, 26, 27 Stereocontrol in the synthesis of oxidorhenium(V) complexes to obtain the desired N,N-trans isomer is therefore highly desired. In literature, it was shown that a single methyl group on the oxazoline moiety is sufficient for the isomerically pure formation of an N,N-trans isomer. 26, 27 The resulting steric hindrance in an hypothetical N,N-cis complex was identified as one source of stereo-control. 27 The observation that complexes cis/trans-4, without a substituent on the oxazoline moiety, are obtained as a mixture of N,N-cis and N,N-trans isomers supports this conclusion. Within this manuscript we would like to present an additional element of stereocontrol, based on the coordination chemistry of the Hdmoz ligands HL1a-c.
With this manuscript, we would like to present results obtained for the set of oxidorhenium(V) complexes [ReOCl (L1a-c) 2 ] in epoxidation and perchlorate reduction catalysis. By systematic introduction of electron-donating (-OMe, HL1b) and an electron-withdrawing (-NO 2 , HL1c) groups (Fig. 1) we are relating structural and spectroscopic factors to catalytic activity. In addition factors that control the stereoselectivity of the synthesis of these complexes were investigated with the help of model complexes 2a-b. Finally the influence of stereoisomerism on catalytic epoxidation activity was tested with complexes cis-and trans-4. 
Results and discussion

Synthetic procedures
Ligands H1a-b were synthesized according to literature, 12, 28, 29 HL1c based on established literature procedures 30 structural data obtained by single-crystal X-ray analyses (Fig. 3) confirmed the exclusive formation of N,N-trans isomers.
Crystallography
Single crystals for all five novel complexes 2a-b and 3a-c were obtained, and their solid state structure could be solved by X-ray crystallography. The molecular structures of 2a and 2b revealed the expected anionic oxidorhenate(V) complexes with (NBu 4 ) + as counterion (Fig. 2) . Both complexes adopt a slightly distorted octahedral conformation with similar bond lengths and angles (Table 1 ). The presence of the methoxy group in 2b does not result in a significantly different coordination around the rhenium atom, compared to 2a. Several other anionic trihalo oxidorhenate(V) complexes have been structurally characterized and show the same coordination pattern. 9, 26, [31] [32] [33] In all cases, the alkoxide oxygen of the ligand moiety coordinates trans to the oxido ligand, resulting in an axial-equatorial coordination of the bidentate ligand, with the three chlorido ligands in a meridional coordination. This preferred coordination might also explain the absence of isomers E and F (Scheme 2) in rhenium chemistry. Single crystals of complex 3a were obtained from an EtOH solution at 8°C, of complex 3b from an EtOH/EtOAc mixture at room temperature, and of complex 3c from a saturated EtOH solution by slow evaporation at 8°C. X-ray diffraction analysis revealed quite similar solid state structures, with the rhenium centers in a distorted octahedral coordination. In all (6) cases the chlorido ligand is located cis to the oxido ligand. Furthermore, the N,N-trans orientation of the two bidendate ligands was confirmed for all three complexes (Fig. 3) . A summary of selected bond angles and distances for 3a-c can be found in Table 2 . The observed bond lengths in complexes 3a-c show that the solid state structures are sensitive to the substituents on the ligand moieties L1a-c. However, a clear trend is not easily extracted from the data at hand. For example, 3a displays the longest Re-Cl1 distance, indicating a stronger trans influence of the L1a ligand moiety, compared to L1b-c. Also, complex 3a displays the shortest RevO bond, compared to complexes 3b-c, which show comparable RevO bond lengths, regardless of the electron-donating or -withdrawing nature of the phenol substituents. The rheniumoxido and rhenium-chlorido bond lengths in 3c are actually very similar to 3b, equipped with the electron-donating ligand L1b.
Stereo-control of isomers
Switching from the Hoz to the Hdmoz ligand class, with two methyl groups on the oxazoline moiety, only leads to the respective N,N-trans complexes (Scheme 4). In order to study this stereoselective formation of N,N-trans isomers of 3a-c in more detail, the two mono-ligated, anionic oxidorhenate(V) complexes (NBu 4 )[ReOCl 3 (L1a)] (2a) Complex 2a can be compared to previously published complex (H 2 oz)[ReOCl 3 (oz)] (2-oz). 26 As mentioned above, the respective bis-ligated complex 3a is isomerically pure, whereas 4 is isolated as an isomeric N,N-trans and N,N-cis mixture. As summarized in Table 3 , for complex 2a, the two trans coordinated chlorido ligands Cl1 and Cl3 exhibit longer bond distances to the Re center (2.381(3) and 2.420(3) Å, respectively) compared to chlorido ligand Cl2, which is trans to the oxazoline nitrogen N13. Here the Re-Cl bond distance is at 2.377(2) Å, as expected based on the weaker trans influence of N13. The same observations are made in case of 2b, where bisligated complex 3b also only shows the N,N-trans isomer. Complex 2-oz displays an unusually long Re-Cl1 bond (2.4701(6) Å), which is caused by two H-bonds to neighboring (H 2 oz) + cations in the unit cell. 26 Therefore this bond has to be disregarded for the structural discussion. The remaining two bonds Re-Cl2 (2.3690(6) Å) and Re-Cl3 (2.3621(7) Å) are of very similar distances. Such a similar bonding situation could explain the observed mixtures of N,N-cis and N,N-trans isomers for 4, as there is no preference for the point of coordination of the second incoming Hoz ligand (Scheme 5). The shorter and therefore stronger Re-Cl2 bonds observed in 2a and 2b would explain the stereoselective synthesis of N,N-trans complexes 3a-b.
Cyclic voltammetry
In order to evaluate the electronic situation on the Re center with respect to the ligand substituents, cyclic voltammetry experiments on bis-ligated complexes 3a-c were performed. In addition, also the two isomers of N,N-cis/trans 4 were investigated. Analyte solutions for cyclic voltammetry were near 1 mM in acetonitrile, with (NBu 4 )PF 6 used as supporting electrolyte (0.1 M). The recorded currents I p [µA] were divided by the actual concentration of analyte to normalize the voltammograms for better comparability. All five complexes displayed quasi-reversible Re(V)/(VI) redox couples at a positive potential, 14, 34 which also proved to be scan-rate independent.
At negative potentials only irreversible redox events occurred.
Half-wave potentials E 1/2 (E 1/2 = (E p,c + E p,a )/2) are given in Table 4 (referenced to ferrocene/ferrocenium). For complexes 3a-c (Table 4 und Fig. 4) , the half-wave potential of 3c is shifted by 280 mV to higher potential, compared to unsubstituted 3a, as expected for the electron-withdrawing nature of the nitro groups on the ligand moiety of L1c. Methoxy substituted complex 3b on the other hand is only shifted by 29 mV to lower potential, compared to 3a, indicating a small electron-donating effect of the methoxy substituents in 3b. The influence of the methyl groups on the oxazoline moiety can be compared between 3a and trans-4. Here, the Re(V)/(VI) redox couple for trans-4 is 60 mV lower than for 3a, indicating an electron-richer metal center in trans-4. The data in Table 4 and Fig. 4 show that the two stereoisomer of 4 have virtually identical redox potentials. Obviously, stereoisomerism does not have an effect on the redox potential of the Re center.
Epoxidation of cyclooctene
Complexes 2a-b, 3a-c and cis/trans-4 were evaluated as catalysts in the epoxidation of standard substrate cyclooctene. The effect of the different isomers cis/trans-4 and the introduction of electron-donating (-OMe in 3b) and withdrawing (-NO 2 in 3c) groups on catalytic activity was of particular interest. Complexes 2a and 2b were also tested for potential catalytic activity, as other mono-ligated complexes have proven to be active epoxidation catalysts. 14, 15 In typical catalytic experiments 3 equiv. of tert-butylhydroperoxide (TBHP) as oxidant with a 1 mol% catalyst loading in CHCl 3 at 50°C and the substrate cyclooctene were used (Scheme 6). Reaction progress was monitored by withdrawing aliquots during the reaction and analysis with GC-MS. In general, all six tested complexes are catalytically active without induction period. A summary of turnover numbers (TON) with the respective turnover frequency (TOF [h −1 ]) is given in Table 5 . The lowest activity was displayed by complex 2a, the highest by 3c. Complexes 3a and 3b showed activities in a similar range as cis/trans-4. All complexes tested showed a significant brightening to complete dis- Scheme 6 Epoxidation of cyclooctene using tert-butylhydroperoxide (TBHP).
coloration from the initially green solutions during catalytic experiments, hinting at the formation of catalytically inactive Re(VII) complexes. 31 Time-conversion plots of cyclooctene epoxidation are given in Fig. 5 .
Data in Fig. 5 and Table 5 show complexes 2a and 2b to exhibit the lowest activities (2a: TON < 10; 2b: TON = 23) of all seven investigated complexes. The few examples of oxidorhenate(V) complexes, that were also tested in epoxidation, were of similar low activity. 31, 33 Also the bis-ligated complexes 3a (TON = 37) and 3b (TON = 34) showed low activities in the epoxidation of cyclooctene. In the cases of complexes 2b and 3b, significant discoloration after addition of oxidant TBHP could be observed, indicating a fast oxidation to unproductive perrhenate(VII) salts. 31 Hence, ligand L1b seems to result in unstable complexes under strong oxidative conditions. This is quite in contrast to the OMe-substituted pyrazole-phenol complex [ReOCl( pyzOMe) 2 ], which showed excellent activities in cyclooctene epoxidation for both TBHP and H 2 O 2 . 14 A potential reason for the lack of activity for 2b and 3b could be ring-opening or decomposition reactions of the non-aromatic oxazoline moiety in L1b, a known problem in oxazoline chemistry. 24 In contrast to 3b, complex 3c, coordinated by the electron-withdrawing ligand moiety L1c, showed the highest activity (TON = 80) of all seven complexes (Fig. 5) . In this case, the same positive effect on catalytic activity was observed as with [ReOCl( pyzNO 2 ) 2 ]. 14 Obviously, the electron-withdrawing property of a nitro group results in enhanced epoxidation activity. Data in Fig. 6 reveals a slight difference in catalytic performance of isomeric complexes cis-and trans-4, with cis-4 (TON = 40) performing slightly better compared to trans-4 (TON = 30).
With the results from epoxidation catalysis in hand, a potential correlation to structural and spectroscopic data can be probed. Table 6 shows a summary of such data together with TONs in cyclooctene epoxidation. By comparing spectroscopic data of complexes 3a-c and cis/trans-4 no obvious correlation however between electronic properties and catalyst activity can be drawn. 12 ] were calculated at time of maximum yield of epoxide, not maximum activity of catalyst. If not mentioned otherwise, this was after 24 h.
a Maximum yield of epoxide reached after 8.5 h. it was shown that a symmetric cation B is not catalytically active in perchlorate reduction, as the coordination site trans to the oxido ligand is deactivated for perchlorate coordination. 12 The catalytically active species therefore should remain an isomer D (Scheme 7), with the vacant coordination site cis to the oxido ligand.
Results are summarized in Table 7 . While mono-ligated rhenate complexes 2a-b are not active, complexes 3a-c and cis/ trans-4 were capable to reduce perchlorate at both water contents (5 and 50 vol%), with the exception of nitro-substituted complex 3c. Complex 3c showed complete loss of catalytic activity at 50 vol% water. In this case however, we attribute this to the low solubility of 3c in aqueous media. In both solvent mixtures, solid 3c can be observed throughout the 24 h experiment time. Similar to our previous findings in 5 vol% water, 12 trans-4 remains the more active complex also at 50 vol% water (91%), compared to cis-4 (58%). It is interesting to observe though that only for cis-4 the catalytic activity increases with increasing water content (33% at 5 vol% vs. 58% at 50 vol%). At 5 vol% water, 3a and 3b show essentially the same catalytic activity (75 and 78% respectively, Table 7 ). At 50 vol% water however, 3a shows a significantly decreased activity (75 vs. 32%). With 3b, the difference is not as pronounced (78 vs. 64%).
For all active complexes, catalyst decomposition can be observed by 1 H NMR spectroscopy, as more and more free ligand is visible over the 24 h reaction time. A discoloration of the initially green solutions points to decomposition to perrhenate. 31 The inactivity of complexes 2a-b is consistent to previously tested, neutral mono-ligated complexes. 12 The observed differences in catalytic activity in regard to water content are subject to current investigations in our lab.
Conclusions
Oxidorhenium(V) complexes equipped with phenol-dimethloxazoline ligands remain as a unique class of complexes capable to both catalytically epoxidize cyclooctene and reduce the challenging substrate perchlorate to harmless chloride under mild, aqueous conditions. In olefin epoxidation, stereoisomers do not play a significant role in catalyst activity, as demonstrated by the very similar TONs of cis/trans-4 (40/30). Electron withdrawing substituents rather seem to result in more active catalysts. Nitro-substituted complex 3c showed the highest activity with a TON of 80 for cyclooctene. This is line with the nitrosubstituted complex [ReOCl( pyzNO 2 ) 2 ], which also proved to be a similarly active epoxidation catalyst. 14 From comparison of spectral and structural data, it seems the redox potential E 1/2 obtained from cyclic voltammetry measurements correlates with enhanced activity in epoxidation, in contrast to IR absorptions or bond lengths. In contrast to epoxidation catalysis, stereoisomers play a vital role for catalyst activity in perchlorate reduction. Here, only N,N-trans isomers are active. The formation of such N,Ntrans isomers is a unique feature of the oxazoline ligand moiety. All related pyrazole based complexes [ReOCl( pyzR) 2 ] adopted the N,N-cis conformation in the solid state, which also explains their inactivity in perchlorate reduction catalysis. 16 For the observed stereoselective synthesis of complexes 3a-c, a novel mechanism is proposed, based on the two-step coordination of the respective HL1a-c ligands. 
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